Observations of galaxies and primordial radiation suggest that the Universe is made mostly of non-luminous dark matter 1,2 . Several types of new fundamental particles have been proposed as candidates for dark matter 3 such as weakly interacting massive particles (WIMPs) 4,5 , but no definitive signal has been seen despite concerted efforts by many collaborations 6 . One exception is the muchdebated claim by the DAMA collaboration of a statistically significant annual modulation in the event rate of their experiment 7-9 with a period and phase consistent with that expected from WIMP dark matter [10] [11] [12] . Several groups have been working to develop experiments with the aim of reproducing DAMA's results using the same target medium 13-17 . Here we report results from the initial operation of the COSINE-100 experiment 18, 19 . COSINE-100 uses sodium iodide as the target medium -the same medium as DAMA -and is designed to carry out a model-independent test of DAMA's claim. Initial data based on the first 59.5 days indicate that there is no excess of events over the expected background, confirming that DAMA's annual modulation signal is in severe tension with results from other experiments under the assumption of dark matter having spin independent interactions and the Standard Halo Model [20] [21] [22] [23] . COSINE-100 is now taking data to study the presence of dark matter-induced annual modulation in the event rate of the sodium iodide detectors. Multiple-hit events from 40 K decay are produced when a 3 keV X-ray registers in one crystal and its accompanying 1460 keV γ-ray in another 17 . These occur throughout the data exposure time and provide independent, real-time energy calibrations and efficiency measurements in the 2-6 keV region of interest for the WIMP search. The efficiencies measured with the multiple-hit events that occur during the dark matter search exposure, including tagged 3 keV X-rays from the 40 K, are in agreement with the measured efficiencies using the 60 Co data. A specialized apparatus that has a monoenergetic 2.42 MeV neutron beam is used to measure the selection efficiencies of nuclear recoil events. This measurement was performed with a small test crystal that was cut from the same ingot as a crystal used for 4 the COSINE-100 experiment. The efficiencies determined from the different methods are mutually consistent within a 5% level of uncertainty as shown in Fig. 1 . The efficiency uncertainties are included as a systematic error.
Observations of galaxies and primordial radiation suggest that the Universe is made mostly of non-luminous dark matter 1, 2 . Several types of new fundamental particles have been proposed as candidates for dark matter 3 such as weakly interacting massive particles (WIMPs) 4, 5 , but no definitive signal has been seen despite concerted efforts by many collaborations 6 . One exception is the muchdebated claim by the DAMA collaboration of a statistically significant annual modulation in the event rate of their experiment 7-9 with a period and phase consistent with that expected from WIMP dark matter [10] [11] [12] . Several groups have been working to develop experiments with the aim of reproducing DAMA's results using the same target medium [13] [14] [15] [16] [17] . Here we report results from the initial operation of the COSINE-100 experiment 18, 19 . COSINE-100 uses sodium iodide as the target medium -the same medium as DAMA -and is designed to carry out a model-independent test of DAMA's claim. Initial data based on the first 59.5 days indicate that there is no excess of events over the expected background, confirming that DAMA's annual modulation signal is in severe tension with results from other experiments under the assumption of dark matter having spin independent interactions and the Standard Halo Model [20] [21] [22] [23] . COSINE-100 is now taking data to study the presence of dark matter-induced annual modulation in the event rate of the sodium iodide detectors. A nucleus recoiling from a WIMP interaction is expected to produce a hit in a single crystal. A set of candidate events are selected by applying several criteria to reject backgrounds. Boosted Decision Trees (BDTs) 26 , i.e. multivariate machine learning algorithms, are used to characterize the pulse-shapes to discriminate PMT-induced noise events from radiation-induced events. Events that had hits in multiple crystals, liquid scintillator, or the muon detector are also rejected as multiple hit events. Although multiple-hit events are not used for the WIMP search, they are used to develop the event selection criteria, determine efficiencies, and model backgrounds.
COSINE-100 is located at the Yangyang Underground Laboratory in
Multiple-hit events recorded during the two week calibration campaign with the 60 Co source provided a large sample of Compton scattering events where a γ-ray from the 60 Co source scatters from an electron in one crystal and is detected in another crystal. The BDTs are trained for each detector using the multiple-hit events of the 60 Co calibration data, weighted to match the energy spectrum of the expected background, and physics data for both signals and the PMT-induced noise (see Methods). The efficiencies of the selection requirements are first measured with the multiple-hit events from the 60 Co source as shown in Fig. 1 .
Multiple-hit events from 40 K decay are produced when a 3 keV X-ray registers in one crystal and its accompanying 1460 keV γ-ray in another 17 . These occur throughout the data exposure time and provide independent, real-time energy calibrations and efficiency measurements in the 2-6 keV region of interest for the WIMP search. The efficiencies measured with the multiple-hit events that occur during the dark matter search exposure, including tagged 3 keV X-rays from the 40 K, are in agreement with the measured efficiencies using the 60 Co data. A specialized apparatus that has a monoenergetic 2.42 MeV neutron beam is used to measure the selection efficiencies of nuclear recoil events. This measurement was performed with a small test crystal that was cut from the same ingot as a crystal used for the COSINE-100 experiment. The efficiencies determined from the different methods are mutually consistent within a 5% level of uncertainty as shown in Fig. 1 . The efficiency uncertainties are included as a systematic error.
The remaining dark matter search dataset predominantly originate from environmental γ and β radiations produced from the crystals themselves or the nearby surrounding materials. Sources include radioactive contaminants internal to the crystals or on their surfaces, external detector components, and cosmogenic activation 19 . The background spectrum for each individual crystal is modeled using simulations based on the Geant4 toolkit 27 .
Multiple-hit events with measured energies between 2 and 2,000 keV and single-hit events between 6 and 2,000 keV are used in the modeling as described in detail elsewhere 19 (see also Methods). Single-hit events with energies below 6 keV are excluded to avoid a bias against dark matter signal events. We used the simulated data to determine the contributions of dark matter-induced nuclear recoils to the measured energy spectra. Samples of WIMP-sodium and WIMP-iodine spin independent scattering events were generated for 18 different WIMP masses, ranging from 5 GeV/c 2 to 10, 000 GeV/c 2 using the standard WIMP halo model with the same parameters that were used for the WIMP interpretation of the DAMA/LIBRA-phase1 signal 10 . These events were then processed through the detector simulation and the output events were subjected to the same selection criteria that were applied to the data. Competing interests The authors declare no competing interests.
Correspondence and requests for materials should be addressed to C.H. and H.S.L. Fig. 4 . Exclusion limits on the WIMP-nucleon spin independent cross section. The observed (filled circles with black solid line) 90% confidence level exclusion limits on the WIMPnucleon spin independent cross section from the first 59.5 days data of COSINE-100 are shown together with the 65% and 95% probability bands for the expected 90% confidence level limit assuming the background-only hypothesis. The limits are compared with a WIMP interpretation of DAMA/LIBRA-phase1 of 3σ allowed region for the WIMP-sodium (red-dot-contour) and the WIMP-iodine (blue-dot-contour) scattering hypothesis 10 . The limits from NAIAD 30 , the only other sodium iodide based experiment to set a competitive limit, are shown in magenta.
METHODS
The COSINE-100 experiment is located 700 m below the surface at the Yangyang Under- 
background modeling
The primary background components of the crystal energy spectra are from internal 238 U, used starting values that were based on radioassay results from an underground, high-purity Ge detector 32 . The modeling of contributions from cosmogenic activity in the crystals was guided by measured surface production rates in NaI(Tl) 33 and the above-and below-ground histories of each individual crystal.
In 10.7% of 40 K decays, a ∼3 keV K-shell X-ray (or Auger electron) is produced in coincidence with a 1460 keV γ-ray. Since this results in a peaking background in the WIMP search region of interest (ROI), it is of particular concern. However, in the COSINE-100 detector, about 80% of these 3 keV X-rays are tagged by the detection of its accompanying 1460 keV γ-ray in one of the other crystals or in the liquid scintillator and, thus, can be vetoed. The measured rate for these tagged events is used to establish the contribution of For most of the energy range, the resolutions and scales are well measured with internal radioactive peaks and external calibrations. However, since external source measurements are impractical for energies below 10 keV, the resolution and scale values for these energies are determined with the samples of tagged 3 keV X-rays from the internal 40 K contamination.
For these, statistical errors dominate and are taken as the systematic spread from these quantities. We used changes that occur in the background model when the simulation is done with different locations of the U/Th contamination in the PMTs, and alternative Geant4 methods for X-ray production of 210 Pb as the systematic error from this source. The inclusion of the total systematic uncertainties degrades the sensitivity by a factor of 2.3.
WIMP extraction Bayesian fit
A Bayesian analysis with a likelihood formulated in Eq. 1 was performed and this fitter, more computationally demanding than the background modeling fits, was run with the WIMP search data (low-energy single-hit spectrum) between 2 and 20 keV. The function that is maximized has the form
where, N ch is the number of crystals, N bin is the number of bins in each histogram, N bkg is the number of background components, N syst is the number of systematic nuisance parameters, n ij is the number of observed counts and µ ij is the total model expectation by summing all N bkg background components and a WIMP signal component after application of a shape change due to N syst systematic effects. In the first product of Gaussians, x k is the value of the k th background component, α k is the mean value and σ k is its 68% error. The second product of Gaussians x l is the l th systematic parameter and σ l is its error.
To avoid biasing the WIMP search, the fitter was developed and tested with simulated We use Gaussian priors for the normalizations of the background components and the systematic nuisance parameters for efficiencies, the energy resolutions, and the energy scales.
The initial values for the background component normalizations are taken from the above- 
